V ascular proliferative diseases, such as atherosclerosis and restenosis after percutaneous coronary interventions, are the major source of death in westernized societies. They are now recognized as an inflammatory disorder involving multiple cell types including smooth muscle cells (SMCs), endothelial cells (ECs), and monocytes/macrophages, and lymphocytes. 1 Identification of molecular factors and mechanisms controlling the progression of vascular diseases in each cell type is of considerable interest. Kr€ uppel-like factor 4 (Klf4) is a zinc finger transcription factor involved in a variety of cellular functions by activating or repressing the transcriptional activity of multiple genes. For example, conventional Klf4-knockout mice exhibited a defect in the acquisition of skin barrier function. 2 They were born at the expected Mendelian ratio but died within 15 hours after birth because of rapid loss of body fluid. They also displayed a 90% decrease in the number of goblet cells in the colon, indicating the requirement of Klf4 for colonic epithelial cell differentiation. 3 Loss of Klf4 in mouse stomach resulted in increased proliferation and altered differentiation of the gastric epithelia. 4 Tissue-specific deletion of Klf4 in the eye caused abnormal corneal epithelium and lack of goblet cells in the conjunctiva. 5 In addition, Klf4 has been shown to regulate monocyte/macrophage differentiation. [6] [7] [8] As such, Klf4 is implicated in a diverse array of cellular processes in multiple cell types. Klf4 also plays a key role in the regulation of gene transcription in the cardiovascular system. We have shown that Klf4 represses SMC proliferation and also suppresses expression of multiple SMC differentiation markers, such as SM a-actin and SM22a, in cultured SMCs and in animal models in vivo. [9] [10] [11] Indeed, although Klf4 is not normally expressed in differentiated SMCs in vivo, it is transiently induced in phenotypically modulated SMCs after vascular injury. 9, 11 We showed that tamoxifen-inducible deletion of the Klf4 gene in the whole bodies of mice resulted in the attenuation of downregulation of SMC differentiation markers and the accelerated formation of neointima following carotid ligation injury. 11 We demonstrated that enhanced neointimal formation in Klf4-deficient mice was caused in part by the reduced induction of p21 WAF1/Cip1 , a cell-cycle inhibitor, in SMCs. 11 On the other hand, Klf4 is constitutively expressed in vascular ECs. Hamik et al 12 showed that overexpression of Klf4 increased expression of anti-inflammatory and antithrombotic factors, including endothelial nitric oxide synthase and thrombomodulin, whereas knockdown of Klf4 led to enhancement of tumor necrosis factor-a (TNF-a)-induced expression of vascular cell adhesion molecule-1 (Vcam1) and tissue factor in cultured human umbilical vein ECs (HUVECs). Klf4 has also been shown to play an important role in the maintenance of endothelial barrier function, in that Klf4-regulated VE-cadherin expression and knockdown of Klf4 augmented lipopolysaccharide-induced lung injury and pulmonary edema in mice. 13 In addition, results of recent studies showed that endothelial Klf4 protected against atherothrombosis in Apoe À/À -background mice. 14 Moreover, myeloid Klf4 deficiency has been shown to augment atherosclerotic plaque formation in Apoe-knockout mice. 15 As such, results of the preceding studies provided evidence that Klf4 is a critical factor regulating the development of multiple vascular diseases in various cell types. Given the multiple cellular functions of Klf4, it is of significant interest to determine if Klf4 in non-SMCs controls neointimal formation in response to vascular injury. Although the results of our previous studies showed that Klf4 deletion in SMCs cell-autonomously increased the SMC proliferation rate and enhanced neointimal formation in tamoxifen-inducible conditional Klf4-knockout mice, 11 were on a C57BL/6J background, and littermates were used for all comparisons. Genotyping was performed by polymerase chain reaction (PCR) as described previously. 11 Blood pressure and heart rate were measured by the tail-cuff method (BP-98E; Softron, Tokyo, Japan).
Carotid Ligation Injury Model
Carotid artery ligation was performed as described previously. 11, 17 The right carotid artery was completely ligated just proximal to the carotid bifurcation. The left carotid artery served as an uninjured control. The right and left carotid arteries were harvested 3, 7, 14, and 21 days after injury, fixed in 4% paraformaldehyde, and embedded into OCT compound. The arteries were also harvested for real-time reverse transcription (RT)-PCR 7 days after injury.
Morphometric Analysis
Cross-sections of carotid arteries (6 lm) were prepared from 1.0 mm proximal to the ligature to the aortic arch. Morphometric analysis was performed using 3 sections per artery. These sections were located at %2.0 mm proximal to the ligature, and each section was 300 lm apart (ie, 1700, 2000, and 2300 lm proximal to the ligature). Sections were subjected to Verhoeff-van Gieson elastin staining. The areas of the intima, the media, and the lumen were measured by Image-Pro Plus software (Media Cybernetics, Silver Spring, MD). Six mice for each genotype and for each time were analyzed.
Immunohistochemistry
Immunohistochemistry was performed with antibodies for Klf4, 10 Real-Time RT-PCR Total RNA prepared from the aorta, carotid artery, blood, and cultured ECs was used for real-time RT-PCR. Primer and probe sequences for mouse SM a-actin, SM22a, Klf4, Vcam1, and 18S rRNA were described previously. 9, 17, 19, 20 Primer sequences for mouse E-selectin and human Vcam1 were as follows: E-selectin-F, 5′-CCAGAATGGCGTCATGGA-3′; E-selectin-R, 5′-TAAAGCCCTCATTGCATTGA-3′; hVcam1-F, 5′-GGTGG GACACAAATAAGGGTTTTGG-3′; and hVcam1-R, 5′-CTTGCAATT CTTTACAGCCTGCC-3′. 
Plasmid Constructs
Expression plasmids for Klf4 and p65 were described previously. 9, 17 The human Vcam1 (À1716/+119) promoterluciferase construct and the Vcam1 (À288/+119) promoterluciferase construct in pGL3-basic vector (Promega, Madison, WI) were made by PCR amplification of the DNA fragments. The 5xGAL4 binding site-containing luciferase construct (pG5-luc) and the expression plasmid for GAL4 were purchased from Promega. The expression plasmid for GAL4-p65 fusion protein was constructed by inserting p65 cDNA into the carboxyl terminus of GAL4.
Western Blotting, Immunofluorescence Studies, and Coimmunoprecipitation Assays
Western blotting, immunofluorescence studies, and co-immunoprecipitation assays were performed as described previously. 10, 17, 19, 20 Antibodies used were as follows: Vcam1, p65 (F6; Santa Cruz Biotechnology), phospho-p65 at serine 536 (93H1; Cell Signaling Technology), VE-cadherin (sc28644; Santa Cruz Biotechnology), GAPDH (6C5; Millipore, Billerica, MA), and FLAG (F7425; Sigma).
Quantitative Chromatin Immunoprecipitation Assays
Quantitative chromatin immunoprecipitation assays were performed using anti-p65 antibody or anti-Klf4 antibody as previously described. 11, 17, 20 Real-time PCR was performed to amplify the promoter region of the human Vcam1 gene and the human E-selectin gene. Primer sequences were as follows: Vcam1-proF, 5′-CAGGACAGAGAGAGGAGCT-3′; Vcam1-proR, 5′-AAGGGTCTTGTTGCAGAGG-3′; E-selectin-proF, 5′-CAAGAGA CAGAGTTTCTGACATCAT-3′; and E-selectin-proR, 5′-TTTATAGG AGGGATTGCTTCCTGTG-3′.
Statistical Analyses
Data are presented as meanAESEM. Statistical analyses were done by SigmaPlot/SigmaStat9 (Systat Software Inc, San Jose, CA). After confirming that the data passed the normality test for parametric analyses, the unpaired t test (Figure 1A through 1F and Table) , 1-way factorial ANOVA ( Figure 6A , 6B, and 7E), 2-way factorial ANOVA ( Figure 2B , 2C, 3C, 3D, 5B, 5D, 8A, and 8B), and 3-way factorial ANOVA ( Figure 3B , 3E, 3F, and 4D through 4F) were performed with a post hoc Fisher protected least-significant-difference test. P values <0.05 were considered significant.
Results
Endothelial Klf4 Was Selectively Deleted in Klf4-cKO Mice
To determine the role of Klf4 in non-SMCs for neointimal formation following vascular injury, we generated Klf4-cKO mice by breeding Tie2-Cre mice and Klf4 loxP mice. Although
Tie2-Cre transgenic mice were originally developed as a genetic tool for the analyses of EC-specific gene targeting, 16 the recombination has also been shown to occur in some hematopoietic cells. 22 Klf4-cKO mice were born at the expected Mendelian ratio, and they grew up normally to adulthood. Body weight, systolic and diastolic blood pressure, and heart rate at 10 weeks of age were similar in Klf4-cKO mice and control mice ( Figure 1A through 1C). Expression of Klf4 in the aorta was significantly decreased in Klf4-cKO mice ( Figure 1D ), whereas Klf4 expression in the colon was unaltered ( Figure 1E ), suggesting that Klf4 was selectively deleted in ECs. Expression of Klf4 was not significantly decreased in the blood ( Figure 1F ), whereas partial recombination occurred in Klf4-cKO mice ( Figure 1G ). Klf4 expression in circulating blood seemed to be low compared with other tissues, and this may be why the difference in Klf4 expression was undetectable between Klf4-cKO mice and control mice. Klf4-cKO mice and control mice at 10 to 11 weeks of age received carotid ligation injury. In uninjured arteries, Klf4 was expressed in ECs but not in SMCs of control mice, whereas it was undetectable in either ECs or SMCs of Klf4-cKO mice ( Figure 1H ). Three days after injury, Klf4 was induced in SMCs in both groups of mice, but endothelial Klf4 was only detectable in control mice (Figure 1H ). These results indicate that endothelial Klf4 was efficaciously deleted in Klf4-cKO mice, and that injury-induced expression of Klf4 in SMCs is unaffected by Klf4 deletion in ECs and hematopoietic cells.
Injury-Induced Downregulation of SMC Differentiation Markers Was Unaffected in Klf4-cKO Mice
Results of our previous studies showed that downregulation of SMC differentiation markers at the early times after injury was attenuated in tamoxifen-inducible conditional Klf4-deficient mice. 11 We examined if Klf4 in ECs and hematopoietic cells contributes to injury-induced downregulation of SMC differentiation markers. As shown in Figure 2A , expression of SM a-actin and SM22a was markedly decreased in the medial Figure 1 . Klf4-cKO mice grew up normally to the adulthood. A through C, Body weight (A), systolic and diastolic blood pressure (B), and heart rate (C) of Klf4-cKO mice and control mice were measured at 11 weeks of age (n=12 for each genotype). B, The tops and bottoms of the squares indicate systolic and diastolic blood pressure, respectively. D through F, Expression of Klf4 in the aorta (D), colon (E), and blood (F) was determined by real-time RT-PCR in Klf4-KO mice and control mice (n=4 for each genotype). *P<0.05 compared with control mice. G, Recombination of the Klf4 loxP allele was examined by PCR in the blood of Klf4-cKO mice (cKO) and control mice (Ct). H, Klf4 expression was examined by immunohistochemistry in the carotid arteries of Klf4-cKO mice and control mice 3 days after injury. Klf4 expression was visualized by diaminobenzidine, and sections were counterstained with hematoxylin. Representative pictures are shown from 6 mice analyzed per genotype. Bar: 50 lm. Red arrowheads indicate the IEL. cKO indicates conditional knockout; IEL, internal elastic lamina; RT-PCR, reverse-transcription polymerase chain reaction.
layer of carotid arteries in both Klf4-cKO mice and control mice on day 3 and day 7 after injury. Expression of SM a-actin and SM22a at mRNA levels was also decreased significantly in injured arteries in both mice ( Figure 2B and 2C) . These results suggest that Klf4 in ECs and hematopoietic cells does not play a role in the downregulation of SMC differentiation markers following vascular injury.
Neointimal Formation Was Enhanced in Klf4-cKO Mice Following Vascular Injury
Morphometric analyses were performed in carotid arteries 7, 14, and 21 days following injury (Figure 3 ). Although the neointimal area did not differ between Klf4-cKO mice and control mice 7 and 14 days after injury, it was significantly larger in Klf4-cKO mice (23132AE806 lm 2 ) than in control mice (14375AE614 lm 2 ) 21 days after injury ( Figure 3A and 3C). Medial areas of injured vessels were increased compared with uninjured vessels in both Klf4-cKO mice and control mice, but did not significantly differ from one another ( Figure 3B ). The lumen areas were gradually decreased following injury in both groups of mice, and they were significantly smaller in Klf4-cKO mice than in control mice on day 21 ( Figure 3D ). The areas within the external elastic lamina were unaltered in response to vascular injury in both groups of mice ( Figure 3E ). The areas within the internal elastic lamina were decreased after injury because of the expansion of the medial areas in both groups of mice ( Figure 3F ). The proliferation rate was determined in the vessels after injury. Ki67 staining revealed that injured carotid arteries of Klf4-cKO mice exhibited significantly increased proliferation compared with control mice at day 14 (17.1AE1.1% in Klf4-cKO mice versus 10.5AE0.7% in control mice) and day 21 (16.3AE0.8% in Klf4-cKO mice versus 9.2AE0.5% in control mice) after injury, although the proliferation rate in injured vessels of both mice was increased compared with uninjured vessels at any points examined ( Figure 4A and 4D) . Accumulation of macrophages and T lymphocytes was then examined by immunohistochemistry. Results of Mac2 staining showed that macrophage accumulation in the injured arteries of Klf4-cKO mice (15.5AE1.2% at day 7, 15.2AE0.7% at day 14, and 13.2AE1.3% at day 21) was augmented compared with control mice (7.4AE0.9% at day 7, 7.9AE0.7% at day 14, and 5.1AE0.6% at day 21) (Figure 4B and 4E) . Moreover, CD3e staining revealed that accumulation of T lymphocytes was also enhanced in Klf4-cKO mice (5.7AE0.5% at day 7, 6.0AE0.5% at day 14, and 3.5AE0.5% at day 21) compared with control mice (2.1AE0.7% at day 7, 3.3AE0.4% at day 14, and 1.3AE0.3% at day 21) (Figure 4C and 4F) . White blood cell counts were performed to examine whether deletion of the Klf4 gene in hematopoietic cells affected the enhanced accumulation of macrophages and T lymphocytes in Klf4-cKO mice. Results showed that the number of neutrophils, lymphocytes, and monocytes in the blood was similar between Klf4-cKO mice and control mice (Table) . In addition, expression of Klf4 mRNA in the blood did not differ between these mice, as shown in Figure 1F . These results suggest that increased infiltration of macrophages and T lymphocytes in Klf4-cKO mice is probably a result of loss of Klf4 in ECs, although we cannot deny the possibility that Klf4 in cells derived from hematopoietic cells also affects the phenotype.
Taken together, these results demonstrate that Tie2 promoter-dependent deletion of Klf4 in ECs and hematopoietic cells augmented the proliferation rate, the accumulation of macrophages and T lymphocytes, and neointimal formation in injured arteries and suggest that the enhanced formation of neointima in Klf4-cKO mice is caused in part by the augmented recruitment of inflammatory cells, such as macrophages and T lymphocytes.
Injury-Induced Expression of Cell Adhesion Molecules Was Enhanced in Klf4-cKO Mice
To determine the mechanisms underlying the enhanced recruitment of inflammatory cells in Klf4-cKO mice, expression of cell adhesion molecules such as Vcam1 and E-selectin was examined in the vessels. As shown in Figure 5A , although endothelial expression of Vcam1 in uninjured arteries was very faint in both Klf4-cKO mice and control mice, it was markedly augmented in injured arteries in both mice. Indeed, injury-induced Vcam1 expression was seen in the intima and media in both mice, and it appeared to be more abundant in Klf4-cKO mice than in control mice ( Figure 5A ). Quantitative analysis using real-time RT-PCR showed that Vcam1 expression in injured arteries was much higher in Klf4-cKO mice (a 4.6-fold increase versus uninjured arteries) than in control mice (a 2.7-fold increase versus uninjured arteries), although it was increased in both mice compared with uninjured arteries ( Figure 5B) . Likewise, injury-induced expression of E-selectin in Klf4-cKO mice was more elevated than in control mice, although E-selectin expression in uninjured arteries was faint in both mice ( Figure 5C and 5D) . These results suggest that increased expression of cell adhesion molecules in injured arteries contributes to the augmented accumulation of inflammatory cells, thereby enhancing neointimal formation in Klf4-cKO mice.
Klf4 Inhibited TNF-a-Induced Expression of Vcam1 by Blocking the Binding of NF-jB to the Vcam1 Promoter
Induction of cell adhesion molecules including Vcam1 and E-selectin has been shown to be mediated by the TNF-a-nuclear factor (NF)-jB pathway in ECs. 23 We examined if Klf4
regulates TNF-a-induced expression of Vcam1 in HUVECs and in human aortic ECs. As shown in Figure 6A , TNF-a increased Vcam1 expression by 5.4-fold in HUVECs, as determined by real-time RT-PCR. TNF-a-induced upregulation of Vcam1 was attenuated by Klf4 overexpression, whereas siRNA-mediated knockdown of Klf4 augmented TNF-ainduced Vcam1 expression by 10.9-fold in HUVECs (Figure 6A) . Similar results were also obtained in human aortic ECs ( Figure 6B ). The human Vcam1 promoter contains 2 NFjB binding sites (5′-GG(G/A)(G/A)NN(C/T)CCC-3′), at À72/ À63 bp and À57/À48 bp, as well as 1 putative consensus
Klf4 binding site (5′-(G/A)(G/A)GG(C/T)G(C/T)-3′)
, at À1420/À1414 bp. To determine the role of these cis elements for the inhibitory effect of Klf4, 2 Vcam1 promoter-luciferase constructs were made: the Vcam1 (À1716/ +119) promoter-luciferase construct containing a putative Klf4 binding site and 2 NF-jB binding sites and the Vcam1 (À288/+119) promoter-luciferase construct, which only contains 2 NF-jB binding sites. Results of luciferase-reporter assays showed that TNF-a increased the transcriptional activity of the Vcam1 (À1716/+119) promoter-luciferase construct by 2.2-fold, and the stimulatory effect of TNF-a was blunted by coexpression of Klf4 ( Figure 6C ). Of interest, TNFa also increased the transcriptional activity of the Vcam1 (À288/+119) promoter-luciferase construct, and Klf4 still inhibited the effect of TNF-a on this shorter construct. These results suggest that the inhibitory effect of Klf4 is not mediated through the putative Klf4 binding site.
To clarify the mechanism whereby Klf4 blocks the induction of Vcam1 expression by the TNF-a-NF-jB pathway, we then examined the phosphorylation and nuclear translocation of p65, an active component of NF-jB, in HUVECs. Results showed that even in the presence of Klf4, both TNF-a-induced phosphorylation of p65 ( Figure 7A ) and TNF-a-induced nuclear translocation of p65 ( Figure 7B ) were unaffected, suggesting that Klf4 inhibits the activity of p65 in the nucleus. Moreover, results of cotransfection assays showed that although overexpression of p65 in the nucleus strongly increased the transcriptional activity of the Vcam1 gene in human aortic ECs, the effect was markedly attenuated by Klf4 ( Figure 7C ), also suggesting that Klf4 inhibits p65 in the nucleus. In addition, results of GAL4 binding assays showed that Klf4 robustly suppressed the stimulatory effect of the GAL4-p65 fusion protein on the activity of the 5xGAL4 binding site-containing luciferase construct in human aortic ECs ( Figure 7D ). These results suggest that the inhibitory effect of Klf4 on p65 is not dependent on the DNA sequence of the NF-jB binding site and/or its flanking sequence within the Vcam1 promoter. Chromatin immunoprecipitation assays also showed that Klf4 was not associated with the Vcam1 promoter in HUVECs in the presence or the absence of TNF-a ( Figure 7E ). Of further interest, chromatin immunoprecipitation assays showed that Klf4 inhibited the binding of p65 to the Vcam1 promoter ( Figure 8A) . Indeed, the TNF-a-mediated increase in p65 binding to the Vcam1 promoter was attenuated in the presence of Klf4 in HUVECs, whereas the binding was enhanced by the knocking down of Klf4. TNF-ainduced binding of p65 to the E-selectin promoter was also regulated by Klf4 ( Figure 8B ). Finally, coimmunoprecipitation assays revealed Klf4 physically bound to p65 ( Figure 8C ). Taken together, these results suggest that Klf4 inhibits TNF-amediated induction of Vcam1 expression by blocking the binding of p65 to the Vcam1 promoter through the physical association between Klf4 and p65.
Discussion
In the present study, we showed that deletion of the Klf4 gene in ECs and hematopoietic cells in mice accelerated neointimal formation following carotid ligation injury. Indeed, Figure 5 . Induction of cell adhesion molecules was augmented in Klf4-cKO mice following injury. A and C, Representative pictures for staining of Vcam1 (A) and E-selectin (C) on day 14 after injury in Klf4-cKO mice and control mice are shown (n=6 per genotype). Staining was visualized by diaminobenzidine, and sections were counterstained with hematoxylin. Bar: 50 lm. Red and blue arrowheads indicate IEL and EEL, respectively. B and D, Expression of Vcam1 (B) and E-selectin (D) was determined by real-time RT-PCR in the carotid arteries of Klf4-cKO mice and control mice on day 7 after ligation injury (n=5 per each genotype). *P<0.05 compared with uninjured arteries; # P<0.05 compared with corresponding control mice. cKO indicates conditional knockout; Ct, control; EEL, external elastic lamina; IEL, internal elastic lamina; Inj, injured; RT-PCR, reverse-transcription polymerase chain reaction; Un, uninjured; Vcam1, vascular cell adhesion molecule-1.
although injury-induced downregulation of SMC differentiation markers was unaffected by Tie2 promoter-dependent Klf4 deletion, knockout of Klf4 in ECs and hematopoietic cells increased the cellular proliferation rate in the injured arteries and also enhanced the recruitment of inflammatory cells such as macrophages and T lymphocytes. Enhanced recruitment of inflammatory cells was likely to be caused by the augmented induction of cell adhesion molecules such as Vcam1 and E-selectin in Klf4-cKO mice. The phenotype seen in Klf4-cKO mice is probably caused by Klf4 deletion in ECs rather than in hematopoietic cells, because the number of neutrophils, lymphocytes, and macrophages did not differ between Klf4-cKO mice and control mice and because Klf4 expression in circulating white blood cells did not differ between these mice. Moreover, we demonstrated a novel mechanism whereby Klf4 inhibits the inflammation-related induction of Vcam1 by blocking the binding of NF-jB to the Vcam1 promoter through the association between Klf4 and p65 in ECs. As such, results of the present study provide compelling evidence that Klf4, at least in ECs and maybe in hematopoietic precursor-derived cells, plays an anti-inflammatory role in the formation of neointima following vascular injury.
Previously, we generated tamoxifen-inducible Klf4-knockout mice and showed that downregulation of SMC differentiation markers was attenuated at early points after injury, but neointimal formation was accelerated in the mice. 11 Based on the results of the present study using Klf4-cKO mice, the attenuation of injury-induced downregulation of SMC differentiation markers in tamoxifen-inducible Klf4-knockout mice is probably a result of the loss of Klf4 in SMCs, but not in ECs or circulating white blood cells. This notion is consistent with the previous findings that Klf4 was directly bound to the promoter region of SMC differentiation marker genes in injured arteries, as determined by in vivo chromatin immunoprecipitation assays. 11 On the other hand, multiple mechanisms seem to be involved in the accelerated neointimal formation in tamoxifen-inducible Klf4-knockout mice. One of the mechanisms is the reduced induction of p21 WAF1/Cip1 in the medial layer of SMCs following vascular injury, as demonstrated previously using tamoxifen-inducible Klf4-deficient mice. 11 This mechanism is supported by multiple findings including: (1) Klf4 had no effect on the proliferation rate in p21 promoter-enhancer was increased after injury in wild-type mice. 11 In the present study, we have added a novel mechanism whereby lack of Klf4 in ECs and/or hematopoietic precursor-derived cells also contributes to the injury-induced FLAG-tagged Klf4 expression plasmid, and then treated with TNF-a. Expression of Vcam1, FLAG, phosphorylated p65 (p-p65), p65, VEcadherin, and GAPDH was examined by Western blotting (n=4). B, HUVECs were transfected with the expression plasmid for FLAG-tagged Klf4, and treated with TNF-a. Top: Intracellular localization of endogenous p65 (green) was determined by anti-p65 antibody. Middle: Merged images for endogenous p65 (green), FLAG-tagged Klf4 (red), and DAPI nuclear staining (blue) are shown. Bottom: DAPI nuclear staining (blue) is shown. Bar: 50 lm. C, Human aortic ECs were transfected with the Vcam1 (À1716/+119) promoter-luciferase construct, the Vcam1 (À288/+119) promoter-luciferase construct, or pGL3-basic plasmid with Klf4 expression plasmid and p65 expression plasmid. Luciferase activity was measured and normalized to protein content (n=4). D, Human aortic ECs were transfected with Klf4 expression plasmid (0, 200, or 400 ng), expression plasmid for GAL4 or GAL4-p65 fusion protein, and 5xGAL4 binding site-containing luciferase construct. Luciferase activity was measured and normalized to protein content (n=4). E, HUVECs were treated with TNF-a. Association of Klf4 with the Vcam1 promoter was determined by chromatin immunoprecipitation assays (n=4). Ct indicates control; DAPI, 4 0 , 6-diamidino-2-phenylindole; ECs, endothelial cells; GAPDH; glyceraldehyde-3-phosphate dehydrogenase; IgG, immunoglobulin G; HUVECs, human umbilical vein ECs; TNF-a, tumor necrosis factor-a; Vcam1, vascular cell adhesion molecule-1. accelerated neointimal formation by enhancing the accumulation of inflammatory cells via the augmented induction of cell adhesion molecules in the injured vessels. The relationship between neointimal formation and cell adhesion molecules, as well as the accumulation of inflammatory cells has been well established in a number of previous studies. 1, [24] [25] [26] [27] Indeed, deficiency of cell adhesion molecules such as Vcam1 has been shown to decrease neointimal formation, [25] [26] [27] as well as to decrease the accumulation of monocytes/macrophages in atherosclerotic lesions. 26 The infiltrated inflammatory cells stimulate SMC proliferation in a paracrine manner. These mechanisms are not mutually exclusive and would enhance neointimal formation additively in response to vascular injury.
Although the carotid ligation model used in the present study is frequently used for the analyses of injury-induced neointimal formation, the relevance of this model to neointimal formation following mechanical vascular injury, such as balloon-and stent-induced injury, needs attention. The carotid ligation model preserves the endothelium, whereas balloonand stent-induced mechanical injury results in endothelial denudation, platelet and fibrin deposition, and robust inflammatory cell recruitment. Further studies using multiple injury models are needed to confirm the effect of Klf4 in vascular diseases.
Results of our present study showed that Klf4 is capable of binding with p65 to inhibit the inflammation-related induction of cell adhesion molecules in ECs. Coimmunoprecipitation assays revealed that Klf4 and p65 physically interacted with each other, although there is a possibility that the interaction observed by the overexpression of proteins is artifactual. In addition, using chromatin immunoprecipitation assays, we have shown that TNF-a-mediated increases in the binding of p65 to the Vcam1 promoter was attenuated in the presence of Klf4. The inhibitory action of Klf4 occurred in the nucleus, because phosphorylation as well as nuclear translocation of p65 were unaffected by overexpression of Klf4. Moreover, results of the present study showed that Klf4 inhibited p65 activity even in the absence of the NF-jB binding site, the Klf4 binding site, and their flanking DNA sequences. These findings are highly novel, in that Klf4, a zinc-finger-containing transcription factor, executes its function without binding to its consensus DNA binding site. However, although these in vitro results provide a mechanical basis for injury-induced accelerated inflammation and subsequent enhanced neointimal formation in Klf4-cKO mice, they are different from results of previous studies showing that Klf4 did not affect DNAbinding properties of p65, as determined by electrophoresis mobility shift assays. 12 Because electrophoresis mobility shift assays could detect biochemical binding between DNA and proteins in vitro, but do not necessarily reflect the DNAprotein binding within intact chromatin, some chromatin factors might be required for the inhibitory action of Klf4 against the NF-jB pathway. In addition to the interaction between Klf4 and p65, accumulating evidence indicates that Klf4 is capable of binding with multiple proteins to carry out various functions. For example, we previously showed that Klf4 was induced following vascular injury, and it repressed SMC proliferation by increasing p21 WAF1/Cip1 expression via the recruitment of p53 to the promoter-enhancer region of the p21 WAF1/Cip1
gene. 11 Zhang et al 28 showed the physical interaction between Klf4 and p53. We also showed that Klf4 bound with Elk-1 and that they cooperatively repressed the transcription of SMC differentiation marker genes in response to oxidized phospholipids in SMCs. 10 Moreover, Klf4 has been shown to contribute to high phosphate-induced phenotypic switching of SMCs into osteogenic cells, 21 and Michikami et al 29 demonstrated that Klf4 physically associated with Runx2, a key transcription factor for osteogenesis. As such, the previous studies and our present study strongly support a model wherein Klf4, which is activated in response to multiple stress signals, executes multiple functions by changing partner proteins. In summary, we provide evidence that Klf4 in ECs and/or hematopoietic precursor-derived cells regulates neointimal formation following vascular injury. Klf4 in multiple cell types including SMCs and ECs plays anti-inflammatory and antiproliferative roles. To dissociate the function of Klf4 in ECs from hematopoietic precursor-derived cells, further studies are needed to use VE-cadherin-Cre mice instead of Tie2-Cre mice, and/or the bone marrow transplantation approach.
